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A  STUDY  OF  THE  FERROUS-FERRIC  ELECTRODE. 

The  following  investigation  was  started  with  the  hope  of 
finding  the  accurate  value  of  the  potential  of  the  ferrous-ferric 
electrode.  The  interest  and  the  importance  of  this  determination 
warrants  the  careful  study  and  manipulation  necessary. 

THEORY • 

The  free  energy  of  the  reaction,  represented  by  the  equa- 
tion 

Fe  +  @  ->  Fe  , 

is  of  great  chemical  importance,  and  the  electromotive  force  with 
which  this  reaction  tends  to  take  place  is  a  measure  of  its  change 
of  free  energy. 

This  study  includes  the  determinations  of  the  electro- 
motive force  measurements  and  of  the  relative  concentrations  of 
the  reacting  ions.  The  results  can  be  best  studied  with  reference 
to  the  Kernst  equationf 

RT  (Fef) 
B  =  E  +  F*  In  (FV4+)  . 

In  this  equation  E  is  the  observed  electromotive  force,  E0  is  the 
"normal"  electromotive  force,  R  is  the  gas  constant,  T  the  temper- 
ature in  absolute  degrees,  F  the  value  of  the  Faraday,  and  "In" 
denotes  natural  logarithm.  (Fe+t)  and  (Fe^l  are  the  ionic  concen- 
trations of  ferrous  and  ferric  iron  respectively.  In  this  last 
ratio  the  values  of  the  salt  concentration  are  substituted  in 
place  of  the  ionic  concentrations,  (Fe"^)  and  (Fe+++).  The  assump- 
tion that  the  ratios  of  the  concentrations  of  the  ions  and  that  of 
the  two  iron  salts  has  been  used  by  all  previous  investigators. 


To  calculate  with  what  accuracy  we  need  to  know  the  a- 

mounts  of  ferrous  and  ferric  iron  present,  we  differentiate  the 

Nernst  equation  with  reference  to  the  concentration  of  ferrous 

ion,  assuming  that  the  concentration  of  ferric  ion  is  constant. 

dB      _  RT 
d{Fe^)~~  F(Fe~) 

Substituting  in  this  equation  we  find  that  for  an  accuracy  of 
two  hundredths  of  a  per  cent  in  the  value  of  E,  we  need  an  accur- 
acy  of  at  least  one  tenth  per  cent  in  the  analyses. 

PREVIOUS  TfORK. 

1 

JSoyes  and  Brann    in  their  study  of  the  equilibrium  "be- 
tween metallic  silver  and  ferric  nitrate  made  determinations  of 

the  potential  of  the  ferrous-ferric  electrode.  They  compare  their 

2 

work  with  the  previous  investigations  of  Maitland.  All  used  cells 
of  the  order 

I  Saturated  I  Normal  i 

PtjFefHOj^PefJSK^+O.OSH  HUQj   KC1  sol./  KC1  sol.j  HgCljHg. 

From  their  own  work  and  the  work  of  Maitland,  Noyes  and  Brann  con- 
clude that  no  progessive  change  takes  place  with  dilution,  at 
least  not  below  0.175W.  The  results  lead  to  the  adoption  of  -0.456 
as  the  potential  of  the  ferrous-ferric  electrode,  when  the  nitrates 

of  iron  are  used. 

3 

Peters,  as  early  as  1898,  publishes  some  valuable  re- 
sults for  the  £0  value,  using  ferrous  and  ferric  chlorides.  He 
gives  the  approximate  value  of  0.43  to  the  potential  of  the  0.1  N 

1.  Noyes  and  Brann;  J.  Am.  Ohem.  Soc.  34,  1016. 

2.  Maitland;  Zeit  fflr  Elektrochem.  12,  463. 

3.  Peters;        *       •  f  4  ,  534. 


ferrous-ferric  electrode  using  the  chlorides.  Our  purpose  was  to 
repeat  his  work  with  better  regulation  of  temperature  and  avoid- 
ance of  liquid  junctions. 

MATERIALS  AND  THEIR  PURIFICATION. 

The  materials  used  in  this  investigation  were  ferrous 
and  ferric  chlorides,  potassium  chloride,  mercury,  mercurous 
chloride,  hydrochloric  acid,  and  platinum  for  the  cell,  and  potas- 
sium permanganate  and  manganese  sulphate  and  freshly  distilled 
water  in  the  analytical  operations. 

The  ferrous  chloride  was  made  by  dissolving  electrolytic 
iron  in  pure  concentrated  hydrochloric  acid  in  a  current  of  dry 
carbon  dioxide  gas.  The  iron  was  deposited  by  passing  a  current 
of  electricity  through  a  saturated  ferrous  sulphate  solution  in 
the  presence  of  a  large  quantity  of  ammonium  sulphate.     The  elec- 
trolysis was  carried  on  at  60' C.  using  a  current  of  2  amperes 
(3.5  volts) ♦ 

The  ferric  chloride  was  made  by  oxidizing  part  of  the 
ferrous  chloride  with  chlorine  solution.    Approximately  normal 
ferrous  and  ferric  chlorids  solutions  kept  at  equilibrium  were 
analyzed  and  diluted  to  0.01  to  0.05  K  for  use  in  the  cell. 

The  best  grade  of  Kahlbaum' s  potassium  chloride  was 
crystallized  and  fused  and  solutions  made  in  conductivity  water. 

All  mercury  used  in  the  cell  was  distilled  in  a  current 
of  air.  The  calomel  was  precipitated  from  pure  mercuric  nitrate 
with  hydrochloric  acid.  The  O.IK  calomel  cell  was  made  up  as  direct- 


- 
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ed  in  Ostwald  Luther,  by  shaking  pure  mercury  and  calomel  together 
in  0.1N  hydrochloric,  pouring  off  the  clear  liquid  and  repeating 
the  shaking  for  an  hour,  after  adding  more  O.IN  hydrochloric  acid. 
These  operations  were  repeated  four  times  and  the  cell  filled 
with  the  equilirium  mixture. 

The  potassium  permanganate  was  of  the  best  Kahlbaura 
grade.  Pure  manganese  sulphate  dissolved  in  sulphuric  acid  and  di- 
luted four  times  was  used  as  a  protective  solution  in  the  anal- 
yses. 

The  hydrochloric  acid  was  Baker's  best  gradef 

METHODS  OP  ANALYSIS. 

By  far  the  most  serious  difficulty  in  the  investigation 
was  the  handling  and  analysis  of  the  mixtures  of  ferrous  and  fer- 
ric chlorides.  An  accuracy  in  the  analyses  of  a  tenth  of  a  per 
cent  was  required  by  the  delicacy  of  the  potential  readings. 

The  dichromate  method  was  the  first  to  be  tried  but  the 
use  of  the  titrating  plate  was  so  uncertain  that  an  accuracy  of  a 
half  per  cent  was  the  best  attainable  with  the  dilute  solutions 
used* 

The  following  modification  of  the  permanganate  method 
was  found  to  be  accurate  to  a  tenth  of  one  per  cent  for  ferrous 
iron  and  to  two  or  three  tenths  of  a  per  cent  for  the  determina- 
tion of  total  iron.  After  weighing  a  750  cc.  Jene  Erlenmeyer  flask 
filled  with  dry  carbon  dioxide  gas,  about  a  hundred  grams  of  the 
solution  of  approximately  normal  ferrous  and  ferric  chloride  were 

l."Physico-Chemische  Messungen",     3rd  Edition,  p.  441. 


syphoned  into  the  flask  under  a  current  of  carbon  dioxide  gas,  and 
the  weight  of  the  solution  was  recorded.  Ten  cubic  centimeters  of 
manganese  sulphate  protective  solution  were  added  and  the  solution 
diluted  to  500  cc.  with  freshly  boiled  distilled  water.  The  fer- 
rous iron  was  titrated  against  a  standard  permanganate  solution 
added  from  a  weight  burette.    For  the  total  iron  determination 
the  solution  to  be  tested  is  weighed  and  brought  to  boiling  and 
enough  stannous  chloride  solution  is  added  to  just  reduce  all 
ferric  iron.  A  change  of  color  shows  the  proper  amount  of  stannous 
chloride  necessary.  A  few  extra  drops  are  added  and  the  excess  of 
stannous  chloride  is  precipitated  with  mercuric  chloride.  After 
diluting  and  adding  the  protective  solution  the  determination  of 
total  iron  is  made  by  the  permanganate  titration  as  before. 

Potassium  permanganate  was  standardized  against  tenth 
normal  potassium  tetroxalate,  KHC^O^,  E%C^0^t  H^O,  using  weight 
burettes  for  both  solutions.  The  potassium  tetroxalate  used  was 
the  best  recrystallized  salt  dried  in  a  dessicator. 

EXPERIMENTAL  WORK. 

The  order  of  the  cell  used  in  making  the  preliminary 
measurements  was  as  follows: 

,1H  KCl  HgCl  Hg  Hg  (i) 
*  'I 

In  the  final  measurements,  cells  of  the  following  order 

were  used; 
Pt 


PtpeCl^FeCl^+O.lN  KCl]  O.IN  KCl 


FeCl^eC^fO.lN  HCljo.lU  HC1  0.111  HCl^  HgCl  Hg^  Hg    (^2  ) 
The  type  of  cell  used  is  shown  in  the  figure  on  page  6. 


1.  Designed  by  Dr.  E.  K.  Strachan,  University  of  Illinois. 
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It  is  made  of  glass  in  three  sections,  fused  together  to  avoid 
rubber  connections,  and  the  electrods  are  inserted  through  rubber 
stoppers.  A  is  the  calomel  cell.  B  is  a  U-tube  filled  with  the 
o.lN  HC1,  which  connects  A  with       the  iron  cell,  through  two 
3-way  stop-cocks.  The  iron  cell  contains  the  equilibrium  mixture 
of  ferrous  and  ferric  chlorides  in  hydrochloric  acid.  Electrical 
connection  with  the  potentiometer  is  made  through  E  and  E  •  D  is 
a  glass  tube  through  which  carbon  dioxide  is  kept  bubbling  over 
the  platinum  glanze  electrode, E  •  The  stopcocks  are  opened  only 
when  measurements  are  made. 

A  Leeds  Northrup  potentiometer  was  used  to  measure  the 
E.  M.  F.  values.  A  d'Arsonval  galvanometer  with  a  scale  set  at 
150  centimeters  distance  and  a  reading  telescope  about  fifteen 
feet  from  the  mirror  was  connected  across  the  Wheatstone  bridge. 

A  standard  cell  of  known  E.  M.  F.  (  corrected  by  the 
Bureau  of  Standards)  was  balanced  as  one  arm  of  the  bridge. 

A  Freas  thermostat  was  used  to  keep  the  temperature  of 
the  cell  constant  and  temperature  readings  were  taken  on  a  standard 
thermometer. 

RESULTS. 

From  several  preliminary  determinations  with  cells  of 
the  order  (1)  we  found  that  the  electrical  measurements  could  be 
reproduced  to  a  tenth  of  a  millivolt.  Uo  analyses  were  made  on 
the  first  two  trials. 

With  cells  of  the  order  (2)  in  the  apparatus  shown  on 
page  6,  several  determinations  were  made.  The  following  tables 
give  the  results  of  the  most  successful. 
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TABLE  I. 


Humbor  of    Cone,  of 
Determ.  HC1 


Cone,  of  Cone,  of 
(Fe^)  (Fe^4") 


I, 
II. 


o.m 

0.1N 


0.0376 
0.0467 


0.0211 
0.0180 


E.  M.  F. 

0.37334 
0.36880 


Temp, 


25.0'G. 
25.0'C. 


The  ionic  concentrations  are  expressed  in  raols  per  liter;  the 
E.  M.  F.  measurements  in  volts;  and  the  temperature  in  degrees 
Centigrade. 

In  order  to  determine  whether  the  above  measurements 
correspond  to  a  true  equilibrium  or  not  the  equilibrium  was  ap- 
proached from  two  sides  by  filling  one  cell  (A)  with  the  solution 
II  above  which  had  been  cooled  to  zero  degrees  Centigrade,  and 
another  cell  (B) ,  filled  with  the  same  solution  was  heated  to  50' C. 
Both  cells  were  brought  to  25,C.  in  the  thermostat  and  simultane- 
ous measurements  were  madef  both  of  the  E.  M.  F.  and  temperature. 
The  results  are  shown  in  Table  II ,  on  page  9. 

The  results  show  that  both  cells  were  approaching  the 
same  equilibrium.  A  trace  of  oxidation  accounts  for  the  variation 
in  these  results  from  those  of  table  I. 


I 


I 


I 
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Time  E.  M.  F.  in  Volts  Temperature 

Cell  A  Cell  B. 

9:23  0.37430  25.0'C. 

9:25  0.37480  ■ 

9:27  0.37425  ■ 

9:29  0.37490  " 

9:31  0.37415  « 

9:35  0.37538  ■ 

9:37  0.37415  » 

9:38  0.37532  " 

9:39  0.37416  « 

9:42  0.37484  " 

9:44  0.37418  » 

9:45  0.37530  " 

9:48  0.37423  ■ 

9:50  0.37530  " 

9:52  0.37420  » 

9:54  0.37530  ■ 

9:55  0.37426  » 

9:56  0.37538  " 

9:58  0.37415  » 

10:00  0.37536  " 


j 


